The psychostimulants amphetamine (AMPH) and methamphetamine (MA) are widely abused illicit drugs. Here we show that both psychostimulants acutely increase NMDA receptor (NMDAR)-mediated synaptic currents and decrease AMPA receptor (AMPAR)/ NMDAR ratios in midbrain dopamine neurons. The potentiation depends on the transport of AMPH into the cell by the dopamine transporter. NMDAR-GluN2B receptor inhibitors, ifenprodil, RO 25-6981, and RO 04-5595, inhibit the potentiation without affecting basal-evoked NMDA currents, indicating that NMDAR-GluN2B receptors are activated by AMPH. A selective peptide inhibitor of AMPHdependent trafficking of the neuronal excitatory amino acid transporter 3 (EAAT3) blocks potentiation, suggesting that EAAT3 internalization increases extracellular glutamate concentrations and activates GluN2B-containing NMDARs. Experiments with the usedependent NMDAR blocker, MK-801, indicate that potentiated NMDARs reside on the plasma membrane and are not inserted de novo. In behavioral studies, GluN2B inhibitors reduce MA-mediated locomotor activity, without affecting basal activity. These results reveal an important interaction between dopamine and glutamatergic signaling in midbrain dopamine neurons in response to acute administration of psychostimulants.
INTRODUCTION
Repeated use of the psychostimulants amphetamine (AMPH) and methamphetamine (MA) leads to long-term adaptations in the central nervous system, including locomotor sensitization (Karler et al, 1989; Kelly et al, 2008) that can be observed following a single injection of AMPH (Vanderschuren et al, 1999) . The cellular mechanisms underlying sensitization are not well understood, but AMPH or MA administration is associated with increased dopamine and glutamate release in midbrain areas (Lominac et al, 2012; Vanderschuren et al, 1999; Wolf et al, 2000; Zhang et al, 2001) , suggesting an intricate interplay between these two neurotransmitter systems in midbrain circuits. Indeed, locomotor sensitization can be blocked with NMDA receptor (NMDAR) antagonists (Karler et al, 1989; Yap et al, 2005) , implying that NMDARs have an important role in synaptic plasticity induced by psychostimulants.
AMPH and MA have multiple actions on dopamine neurons; they are substrates for the dopamine transporter (DAT) and vesicular monoamine transporter (Sulzer, 2011) and induce trafficking of DAT (Johnson et al, 2005; Kahlig et al, 2006; Saunders et al, 2000) . We recently showed that AMPH also induces trafficking of the neuronal excitatory amino acid transporter 3 (EAAT3) from the plasma membrane of dopamine neurons (Underhill et al, 2014) . This family of glutamate transporters includes five isoforms that regulate the temporal and spatial influence of glutamate at the synapse and protect neurons from glutamate excitotoxicity. In general, EAAT isoforms 1 and 2 are found predominantly in astrocytes, EAAT3 in neurons, EAAT4 in cerebellar Purkinje cells, and EAAT5 expression is restricted to the retina (Danbolt, 2001) . EAAT3 trafficking increased NMDAR synaptic currents in mouse dopamine neurons localized to both the substantia nigra pars compacta (SNc) and ventral tegmental area (Underhill et al, 2014) . Here, we further explore the effects of AMPH and MA on glutamatergic synaptic currents in SNc dopamine neurons. We show that AMPH superfusion potentiates NMDAR-mediated synaptic currents and that the potentiation is dependent on the activation of NMDARs containing GluN2B subunits. Further, activation of NMDARGluN2B subunits contributes to locomotor stimulation induced by acute administration of MA.
MATERIALS AND METHODS

Approvals
All procedures were performed in strict accordance with the Guide for the Care and Use of Laboratory Animals as adopted and promulgated by the National Institutes of Health and approved by the Institutional Animal Care and Use Committees of Oregon Health & Science University and the VA Portland Health Care System.
In Vitro Studies
Rats. Postnatal days 25-45 male Sprague-Dawley rats were used for all electrophysiology experiments. Midbrain horizontal slices were prepared and the electrophysiological and biochemical experiments performed as described previously (Underhill et al, 2014) . Detailed methods and chemicals used are described in Supplementary Materials and Methods.
Data analysis. All data are reported as mean ± SEM. Student's t-test and analysis of variance (ANOVA) were used where appropriate. The criterion for significance was set at po0.05.
Behavioral Study
Adult (73-118 days old) male and female MA low drinking mice from the MA Abuse Research Center Animal Core within the VA Portland Health Care System animal facility were used for this study. Locomotor activity testing was performed on 3 consecutive days to allow for habituation to handling and injection (Day 1), collection of baseline activity data (Day 2), and collection of data after drug treatment (Day 3). RO 04-5595 (RO) HCl (Abcam, Cambridge, MA) and (+)MA HCl (Sigma, St Louis, MO) were dissolved in sterile physiological saline on the morning of the study. Activity tests were 60 min in duration and data were collected in 5 min periods in automated activity monitors (Accuscan; 20 × 40 × 40 cm 3 , H × W × L), as described previously (Gubner and Phillips, 2015) . For detailed methods and data analyses, see Supplementary Materials and Methods.
RESULTS
AMPH Potentiates NMDAR-Mediated Synaptic Currents in Rat SNc Dopamine Neurons
The acute effects of AMPH on excitatory neurotransmission were determined using whole-cell patch-clamp recordings from rat brain slices containing SNc dopamine neurons. NMDAR-mediated excitatory postsynaptic currents (EPSCs) were evoked at − 70 mV and isolated in the presence of the AMPA receptor (AMPAreceptor) inhibitor NBQX (10 μM) in nominally Mg 2+ -free extracellular solution. AMPH (10 μM) potentiated evoked NMDAR EPSCs by~50% (control: − 122 ± 16 pA; AMPH: − 182 ± 28 pA; n = 14; paired t-test, t (13) = 4.01, p = 0.0015; Figure 1a ). AMPAR-mediated EPSCs were isolated at − 70 mV in Mg 2+ -containing extracellular solution. AMPH did not significantly change the amplitudes of AMPAR-mediated EPSCs (control: − 130 ± 32 pA; AMPH: − 117 ± 47 pA; n = 8; paired t-test, t (7) = 0.69, p = 0.51; Figure 1a ). To further explore the effects of AMPH on the AMPAR/NMDAR ratio, EPSCs were evoked at +40 mV to measure AMPAR and NMDAR currents at the same voltage. Superfusion of AMPH (10 μM) significantly decreased AMPAR/NMDAR ratios by ∼ 30% (control: 2.6 ± 0.2; AMPH: 1.9 ± 0.1; n = 7; paired t-test, t (6) = 3.87, p = 0.008; Figure 1b) . The AMPH-induced potentiation of NMDAR currents was only observed in SNc neurons with a hyperpolarization-activated cation channel current (I h ; Figures 1c and d) , indicating that the effects of AMPH were expressed selectively in SNc dopamine neurons.
AMPH-Mediated Potentiation of NMDAR EPSCs is Dependent on DAT
We previously showed that AMPH-mediated potentiation in mouse DA neurons is dependent on DAT (Underhill et al, 2014) . The DAT inhibitor GBR12909 blocks AMPHmediated potentiation in rat dopamine neurons (Supplementary Figure S1 ), indicating that AMPH-mediated modulation of NMDAR EPSCs depends on the binding and/or transport of AMPH by the DAT. All experiments were carried out in the presence of D1 and D2 receptor inhibitors to rule out possible effects of AMPH-mediated increases in extracellular dopamine levels. AMPH applied intracellularly also potentiated NMDAR EPSCs (−289 ± 24 pA compared with baseline EPSCs − 133 ± 12 pA, paired t-test, t (4) = 7.53, p = 0.002), confirming that transport of AMPH into the cell is required for AMPH effects on NMDA signaling.
Midbrain dopamine neurons express the vesicular glutamate transporter 2 and have been shown to corelease glutamate (Chuhma et al, 2009; Stuber et al, 2010) . We used paired-pulse experiments to confirm that the change in NMDAR EPSC amplitude was due to a change in postsynaptic NMDAR activation and not due to a change in presynaptic glutamate release. Paired-pulse ratios (p2/p1) were not different in the absence (0.6 ± 0.1) or presence of AMPH (0.7 ± 0.1, n = 6, paired t-test, t (5) = 0.95, p = 0.38), providing evidence that potentiation of EPSCs by AMPH occurs via modulation of postsynaptic NMDARs. 
EAAT3 Trafficking is Involved in NMDAR EPSC Potentiation by AMPH
AMPH-induced trafficking of DAT from the plasma membrane is well established (Saunders et al, 2000) and depends on AMPH transport into dopamine neurons through the DAT (Kahlig et al, 2006; Wheeler et al, 2015) . In addition, we recently reported that both the DAT and a neuronal glutamate transporter, EAAT3, are trafficked from the membrane in response to AMPH in mouse dopamine neurons (Underhill et al, 2014) . To investigate the role of glutamate transporters in the actions of AMPH on NMDAR EPSCs, the non-transportable EAAT inhibitor TBOA (500 μM) was added to the pipette solution in whole-cell patch-clamp recordings from DA neurons in the SNc brain slice preparation. Evoked NMDAR EPSCs increased over the first 30 min when exposed to intracellular TBOA, compared with vehicle (Figure 2a ), indicating that selective blockade of EAAT3 in the recorded cell is sufficient to observe enhanced NMDAR EPSCs. NMDAR EPSCs were enhanced with intracellular TBOA by 145 ± 13% (n = 9) compared with intracellular vehicle (105 ± 8%, n = 6, t (13) = 2.37, p = 0.03). The potentiation by AMPH was significantly occluded in the presence of intracellular TBOA (14 ± 8% increase, n = 6), compared with vehicle controls (47 ± 10%, n = 6, t (10) = 2.52, p = 0.03; Figure 2b ).
We reported previously that trafficking of EAAT3 by AMPH is disrupted by a specific peptide targeted to amino acids in the C terminus of EAAT3 that are involved in EAAT3 endocytosis from the plasma membrane (Underhill et al, 2014) . Incorporation of the EAAT3 blocking peptide into the intracellular recording solution blocked the ability of AMPH to potentiate NMDAR EPSCs (EAAT3 inhibitor peptide: − 9 ± 4% (n = 7) compared with scrambled peptide: 43 ± 6% (n = 4; t (9) = 7.59, po0.0001; Figures 2c and d) . These data provide evidence that potentiation of evoked NMDAR EPSCs is dependent on AMPH-induced trafficking of EAAT3. To further test the role of EAAT3 in the effects of AMPH, we examined the ability of AMPH to potentiate NMDAR responses in EAAT3-knockout mice and found no potentiation (−16 ± 8%; one-sample t-test, p = 0.07, n = 10).
EAAT3 transport activity is voltage dependent and is significantly decreased at positive membrane voltages typically used for measuring evoked NMDAR currents (+40 mV; Wadiche et al, 1995) . Thus, the effects of AMPH and MA may be underestimated when measuring currents at +40 mV. Indeed, we observed a decreased effect of AMPH at +40 mV in both rats and mice (Supplementary Figure S2) . To reduce this confound, recordings were carried out at − 70 mV in nominally Mg 2+ -free extracellular solution. 
NMDARs Containing GluN2B Subunits are Involved in Potentiation of NMDAR Synaptic Transmission by AMPH
Previous studies have shown that NMDARs containing GluN2B subunits have an important role in adaptations induced by cocaine and heroin (Liu et al, 2006; Shen et al, 2011) . SNc dopamine neurons differentially express both GluN2B and GluN2D subunits during postnatal development (Brothwell et al, 2008) ; thus, we were interested in determining which subtypes of NMDARs were modulated by AMPH.
The GluN2B-selective inhibitor ifenprodil (1 μM) did not affect baseline NMDAR EPSC amplitudes (−117 ± 8 pA in ifenprodil compared with baseline − 116 ± 9 pA, n = 4), but this concentration of ifenprodil blocked potentiation by AMPH (−120 ± 11 pA). We also used ifenprodil (10 μM) and observed no effect on baseline NMDAR EPSCs (−152 ± 11 pA in ifenprodil compared with baseline − 147 ± 9 pA, n = 12), but this concentration also blocked potentiation by AMPH (−148 ± 18 pA; Figures 3a and b) . Similar results were obtained using another GluN2B-selective inhibitor, Ro 25-6981 (5 μM) where NMDAR EPSC amplitudes were − 135 ± 17 pA compared with − 130 ± 22 pA (n = 6) in the presence of AMPH. These results indicate that GluN2B subunits are necessary for potentiation of NMDAR currents by AMPH.
The selective inhibitor of GluN2D subunits UBP141 (10 μM) did not block AMPH-mediated potentiation of NMDAR-mediated currents (Figures 3c and d) . UBP141 did not significantly affect basal NMDAR EPSCs (control: 204 ± 25 pA compared with UBP141: 248 ± 35 pA), and NMDAR EPSCs were significantly increased in the presence of AMPH (406 ± 70 pA repeated-measures one-way ANOVA, drug factor, F (2,18) = 15.92, p = 0.0001). A selective GluN2A subunit inhibitor TCN 201 (3 and 10 μM) did not block basal NMDAR EPSCs, but occluded the effects of AMPH (Supplementary Figure S3A) . Similarly, R-CPP, an inhibitor reported to be selective for NMDAR-GluN2A subunits at low nanomolar concentrations (50 nM) and nonselective at higher concentrations (2 μM), also occluded the effects of AMPH (Supplementary Figure S3B and C) . However, R-CPP (50 nM) and TCN 201 induced trends toward increased NMDAR EPSC amplitude in the absence of AMPH, thus it is difficult to interpret the lack of effect of AMPH. It is possible that the potentiated receptors are triheteromeric receptors that contain GluN2A and GluN2B subunits (Tovar et al, 2013) . In either case, it is clear that AMPH induces incorporation of NMDAR-GluN2B subunits into the synapse, or alternatively, AMPH promotes glutamate spillover to extrasynaptic NMDARs containing GluN2B subunits.
AMPH may cause Trafficking of Extrasynaptic NMDARs to the Synapse
NMDARs can traffic to synapses from intracellular or extrasynaptic sites (Tovar and Westbrook, 2002) . In an attempt to determine whether NMDARs containing GluN2B subunits are located within the synapse, we took advantage of the fact that the NMDA inhibitor MK-801 is an activity-dependent blocker with a very slow off-rate (Rosenmund et al, 1993) . MK-801 (40 μM) was superfused over the slice for 3 min at − 70 mV while stimulating EPSCs and blocked receptors that were activated by synaptic release of glutamate. During washout of MK-801, stimulation was stopped and AMPH was applied to half of the slices for the last 10 min of the washout period before resuming stimulation of evoked EPSCs. Evoked NMDAR EPSCs were larger in the slices exposed to AMPH compared with control slices without AMPH (Figures 4a and b) . In control slices, stimulation elicited NMDAR EPSCs that were~20% (n = 6) of the initial amplitude, but NMDAR EPSCs were~70% (n = 8) of the initial amplitude in slices exposed to AMPH (t (12) = 2.21, p = 0.04). These results indicate that AMPH induces activation of NMDARs that are new to the synapse. These receptors could be receptors inserted de novo from an intracellular pool or a separate pool of extrasynaptic receptors.
To test the possibility that extrasynaptic receptors localized to the membrane were trafficking to the synapse, we repeated the experiment in Figure 4a in the presence of both NMDA and MK-801. NMDA (500 μM) activates both synaptic and extrasynaptic NMDARs so that coapplication of NMDA +MK-801 blocks all activated receptors at the plasma membrane. We confirmed the block of NMDA-stimulated receptors by monitoring the inward current induced by NMDA in addition to monitoring blockade of the evoked NMDAR EPSCs. NMDA induced large inward whole-cell currents (data not shown). When the NMDA-induced inward current returned to baseline following blockade by MK-801, evoked EPSCs were stimulated for ∼ 5 min to further block synaptic NMDARs (Figures 4c and d) . Again, AMPH was applied to half of the slices after a washout period of 40 min in the absence of MK-801. NMDAR EPSCs in both control (15 ± 6%, n = 3) and AMPH-treated slices (6 ± 3%, n = 5, t-test, t (6) = 1.559, p = 0.17) were similarly blocked, indicating that AMPH primarily affects NMDARs that are already on the plasma membrane. Further support for this interpretation came from surface biotinylation studies. AMPH did not alter the number of surface NMDA NR1, GluN2A, and GluN2B subunit proteins as measured by surface biotinylation studies in slices containing the SNc (Figures 4e and f) . As a positive control, we verified that trafficking of DAT and EAAT3 was stimulated by AMPH in rat dopamine neurons. The surface levels of DAT and intraperitoneally) given 30 min before injections of saline or MA (2 mg/kg, intraperitoneally); (n = 9-16 per RO group per MA group with 4-9 per sex in each group). Locomotor activity data after drug treatment were corrected for differences in basal activity level to create a Drug Response (D3-D2) Score. RO had no effect on activity level when given before saline treatment, but dose-dependently decreased MA-induced locomotor activity (*p = 0.03 compared with 5 mg/kg RO; ***p = 0.001 compared with 5 mg/kg RO; + p = 0.04 compared with 0 mg/kg RO).
EAAT3 were reduced by 37 ± 6% (t (6) = 5.35, p = 0.002) and 23 ± 7% (t (6) = 2.95, p = 0.03), respectively, following AMPH treatment. In addition, AMPH did not significantly affect rise and decay kinetics of the NMDAR synaptic currents, but there was a trend toward an increase in decay kinetics (Supplementary Figure S4) . Taken together, these results support the idea that GluN2B-containing NMDARs are localized to extrasynaptic sites on the membrane and potentially move laterally into the synapse.
GluN2B Inhibitors Reduce MA-Induced Locomotor Stimulation
To test the relevance of GluN2B signaling in psychostimulant-induced behavior, we examined the ability of the water-soluble, selective GluN2B inhibitor RO 04,5595 (RO) to inhibit MA-induced locomotor stimulation in mice. MA (10 μM) potentiates NMDA synaptic currents to a similar extent as AMPH (Figures 5a and b ). Mice were pretreated with different doses of RO or saline (intraperitoneally) 30 min before injections of saline or MA (2 mg/kg, intraperitoneally). Baseline activity data were collected 24 h earlier under the same injection and handling conditions, when only saline was injected. Locomotor activity data after drug treatment were corrected for differences in baseline activity and analyzed by three-way ANOVA (sex × RO dose × MA dose). There were no trends toward significant main or interaction effects involving sex (all ps40.47); therefore, data for the sexes were combined and analyzed by two-way ANOVA for the effects of RO dose and MA dose. There was a significant RO dose × MA dose interaction (F (3,94) = 3.41; p = 0.02) and subsequent analyses identified significant RO dose effects within the MA-treated (po0.001), but not saline-treated mice. Post hoc comparisons for the effect of RO dose within the MA groups revealed that the 20 mg/kg RO group activity level was significantly lower than the activity levels of MA group mice treated with saline or 5 mg/kg RO. The activity level of the 10 mg/kg group was also significantly lower than the activity of the 5 mg/kg group (Figure 5c ). These data indicate that NMDA-GluN2B receptors do not impact basal locomotor activity, but contribute to MA-stimulated locomotor activity.
DISCUSSION
The data presented here demonstrate that amphetamines potentiate glutamatergic neurotransmission in midbrain dopamine neurons through internalization of the neuronal glutamate transporter EAAT3 and subsequent activation of NMDARs containing GluN2B subunits. Inhibitors of GluN2B block AMPH and MA-mediated potentiation of NMDAR synaptic currents and locomotor stimulation. These data expand our understanding of the impact of regulated trafficking of neurotransmitter transporters described in our earlier paper (Underhill et al, 2014) .
Psychostimulants increase both extracellular dopamine (Robertson et al, 1991; Sharp et al, 1987) and glutamate (Wolf et al, 2000; Zhang et al, 2001) concentrations in the midbrain. AMPH and MA increase extracellular dopamine levels by competing with dopamine for DAT, inhibiting forward DAT activity, internalizing the DAT, and altering vesicular dopamine uptake (Kahlig et al, 2006; Sulzer and Rayport, 1990) , whereas the mechanism underlying the increase in glutamate is not as well understood. Recently, we described a mechanism for increased extracellular glutamate by showing evidence for AMPH-induced trafficking of the neuronal glutamate transporter EAAT3 from the plasma membrane of mouse dopamine neurons (Underhill et al, 2014) . Here, we report that surface levels of DAT and EAAT3 are decreased by AMPH in midbrain slices from rats, resulting in potentiated NMDAR synaptic responses and decreased AMPAR/NMDAR ratios in SNc dopamine neurons.
Our studies focus on glutamate synaptic inputs onto midbrain dopamine neurons. Only neurons with pronounced hyperpolarization-activated (I h ) currents, typically identified as dopaminergic neurons in the SNc, responded to AMPH in the rat SNc. Potentiation of NMDAR currents was unaffected by superfusion of dopamine receptor inhibitors, or α1-adrenergic receptor inhibitors, suggesting that increased extracellular dopamine and activation of dopamine receptors do not contribute to the AMPH-mediated potentiation of synaptic currents. Instead, we found that the potentiation was blocked by the selective DAT inhibitor GBR12909, providing further support that AMPH effects are selective for dopamine neurons. As GBR12909 is not transported into the cell but blocks the actions of AMPH, these data are in agreement with a model in which AMPH is transported into dopamine neurons through DAT to initiate intracellular signaling events resulting in DAT and EAAT3 internalization (Underhill et al, 2014) .
Many studies have focused on chronic administration of AMPH and MA and resulting locomotor sensitization. These studies show that behavioral sensitization is associated with an increase in AMPAR/NMDAR ratios 412 h following AMPH and cocaine administration in vivo (Argilli et al, 2008; Borgland et al, 2004; Faleiro et al, 2004; Zhang et al, 1997) and the long-term potentiation of signaling by dopamine neurons within the SNc and VTA. Moreover, at these later times after administration, AMPH and cocaine induce changes in AMPAR currents with little or no change in NMDAR currents. Interestingly, both the potentiation of AMPAR signaling (Kalivas and Alesdatter, 1993; Ungless et al, 2001 ) and the sensitization of locomotor activity by AMPH appear to require activation of NMDARs (Karler et al, 1989; Vezina and Queen, 2000) . Our data presented here demonstrate that the acute effects of AMPH and MA do involve changes in NMDAR currents, particularly those receptors containing GluN2B subunits and further support the idea that NMDAR activation may be prerequisite to longer term modulation of synaptic AMPAR signaling. Additional studies will be required to ascertain whether AMPH-mediated activation of NMDARs is an obligatory step that precedes AMPAR insertion into the synapse following in vivo administration of AMPH.
AMPH Activates NMDARs Containing GluN2B Subunits
NMDARs are tetramers primarily composed of NR1 subunits that bind the coagonist glycine, and NR2 subunits (including A and B) that bind glutamate (Cull-Candy et al, 2001) . Dopamine neurons in the SNc preferentially express GluN2B and GluN2D subunits that form NMDARs comprised of two NR1 subunits with one GluN2B and one GluN2D subunit by postnatal day 21 (Brothwell et al, 2008) . Brothwell et al (2008) previously showed that ifenprodil, the selective inhibitor of NMDARs containing GluN2B subunits, blocked ∼ 70% of the NMDAR EPSCs in SNc dopamine neurons at postnatal day 7, but that the inhibitory effect of ifenprodil decreases significantly over development, suggesting that ifenprodil is less effective at blocking receptors containing one GluN2B subunit. Consistent with their results, we observed that ifenprodil had little effect on basal NMDAR EPSCs at ages greater than postnatal day 25. There also was no effect of UBP141, the selective GluN2D subunit inhibitor, on basal NMDAR EPSCs. However, ifenprodil, but not UBP141, effectively blocked AMPH-mediated potentiation of NMDAR-EPSCs.
GluN2B-containing NMDA receptors exhibit prolonged channel open times and greater overall Ca 2+ current per event than receptors with other subunit conformations (Cull-Candy et al, 2001; Sobczyk et al, 2005) . They are also critical for many forms of synaptic plasticity and learning/ memory (Barria and Malinow, 2002) and behavioral sensitization to drugs of abuse (Brown et al, 2011; Mao et al, 2009; Schilstrom et al, 2006; Schumann et al, 2009; Shen et al, 2011) . Activation of NMDARs drives the transition from tonic to burst firing of DA neurons known to be important for conditioned responses to cues and long-term potentiation in midbrain dopamine neurons (Chergui et al, 1994; Harnett et al, 2009; Overton and Clark, 1997) . Thus, AMPH-induced activation of NMDARs containing GluN2B subunits may be critical for conditioned responses. AMPH withdrawal (14 days), however, is associated with decreased GluN2B levels on the plasma membrane in the striatum (Mao et al, 2009) , suggesting that activation of these receptors is transient. Alternatively, there may be important differences in trafficking in different brain areas or during withdrawal periods following induction of AMPH sensitization.
The exact location of the NMDARs activated by AMPH is unknown. The results of our experiments with MK-801 provide evidence that AMPH stimulates a population of extrasynaptic NMDARs containing GluN2B subunits or that it causes GluN2B-containing receptors to move laterally into the synapse. AMPH-mediated downregulation of EAAT3 could lead to increased glutamate levels in the synapse and spillover to extrasynaptic glutamate receptors or, alternatively, decreased glutamate clearance by EAAT3 outside the synapse could potentiate extrasynaptic receptor activation. It has not been established whether EAAT3 resides within synaptic specializations or within extrasynaptic domains of dopamine neurons. Extrasynaptic GluN2B-containing NMDARs have been described (Tovar and Westbrook, 1999) and it has been previously demonstrated that EAAT3 modulates extrasynaptic glutamate levels and activation of NMDARs containing GluN2B subunits in the hippocampus (Scimemi et al, 2009) . One intriguing possibility is that AMPH activates silent synapses in the SNc (Kerchner and Nicoll, 2008) . Silent synapses contain functional NMDARs but no functional AMPARs (Isaac et al, 1995) , but activation of NMDARs in these nascent synapses is required for insertion of AMPARs (Brown et al, 2011; Huang et al, 2009) . Increased numbers of silent synapses have been observed following induction of cocaine sensitization (Brown et al, 2011; Koya et al, 2012) . However, these studies provide evidence for de novo insertion of NMDARs in the plasma membrane of nucleus accumbens neurons (Huang et al, 2009) , whereas our data from experiments using MK-801 blockade in the presence of NMDA suggest that the NMDARs containing GluN2B subunits are already expressed on the membrane in the SNc.
In conclusion, these studies demonstrate that AMPH potentiates glutamatergic synaptic transmission via stimulation of EAAT3 internalization and activation of a new population of NMDARs containing GluN2B subunits. These data provide a novel cellular mechanism linking dopamine and glutamate neurotransmission in response to AMPH and MA in midbrain dopamine neurons responsible for the initial locomotor stimulating response to psychostimulants.
